Mn is used as a dopant to improve the electromechanical properties of perovskite oxides. We elucidate the role of Mn defects and associated vacancies on the electronic, atomic and ferroelectric properties of BaTiO 3 . Using density functional theory (DFT) and DFT+U we investigate the equilibrium geometry and electronic properties of Mn ion on A or B sites and with compensating oxygen vacancies. We study the change in the oxidation state of Mn in response to local environment changes, such as the presence of oxygen vacancies.
Transition metal dopants improve the electromechanical properties of compounds like BaTiO 3 , PbTiO 3 or PbZr x Ti 1−x O 3 (PZT), 1-9 but the origins of these effects are not well understood. Effects of the dopants can be divided into two categories, extrinsic and intrinsic.
Extrinsic effects are mainly attributed to pinning of domain walls by the dopant ions and any associated oxygen vacancies. The intrinsic effects are not directly connected with domain boundary movement. They manifest themselves through the interaction between the doping induced local polarization P d and the spontaneous polarization P s . It has been proposed that the defective dipoles can cooperatively align along a certain crystallographic direction, producing a macroscopically observable internal bias field. 5, 6 One interesting intrinsic effect discussed in the literature is the possibility to increase the piezoelectric coefficients typical for PZT and Pb(Mg 1/3 Nb 2/3 ) 1x Ti x O 3 (PMN-PT) by a factor of 10-40. 7 This phenomenon has also been observed in aged BaTiO 3 samples doped with Mn.
8,9
Among the dopants, Mn is special because it is magnetic and exhibits a variety of ox- 27 They screened group IIIB and VB elements and found that these elements favor immobile acceptor-oxygen-vacancy-acceptor defect clusters. Moreover, they found that groups IIIB and VB dopants take two distinct defect-cluster structures along the z-direction and in the xy-plane, respectively. While the former enforces the domain pinning, the latter makes the domain pinning effects weaker.
Kvyatkovskii investigated the geometry and electronic structure for defects produced by We first consider the case for a Mn impurity occupying the Ba site. In Fig. 1(a Fig. 1(b) , leads to a steep rise in energy. Thus, the Mn impurity tends to be off-centered, like in SrTiO 3 . 28 Using DFT+U, we find that the Mn ion in the A site in the cubic structure has a magnetic moment of 5.1 µ B . This indicates that Mn Ba has a spin value of 5/2. This is in agreement with the experimental fact that in the incipient (cubic) ferroelectrics, like SrTiO 3 , Mn A has a valency of 2+ and spin moment S=5/2. 14 Decreasing U to ∼ 4.0 eV reduces the computed moment to 4.5 µ B .
It is interesting that such a relatively high spin state of the Mn Ba persists in going from the cubic to tetragonal phase, despite the fact that the atomic volume of the cubic phase is significantly lower (by 4 %) than that in the tetragonal phase. This situation is in contrast Mn in the B-site reduces c/a from 1.026 to 1.020. The Mn valence charge density is similar to the Ti, and the spin density is concentrated mostly on the Mn ion. (Fig. 2) . The
Mn magnetic moment is about 3.38 µ B with DFT+U, suggesting that the Mn Ti ion has a high spin value of 3/2 and an oxidation state of 4+ in this case. Table I . Fig. 3 shows the two apical and one equatorial oxygen atoms around Mn ion, which are labeled as O 1 , O 1 and O 2 , respectively. We found that when the complex Mn Ti -V z O is introduced the tetragonal c/a is 1.020, the same as with Mn without a vacancy.
We also consider two types of Mn
When the defect is oriented along the c-axis or polarization direction, the displacement of the Mn ion is reduced from that of the Ti atoms in pure BaTiO 3 , as seen from Table I (Fig. 4(e) ) is centered around the Mn defect as expected, but When the vacancy occupies the nearest equatorial position relative to Mn, both the Mn ant Ti atoms move away from the vacancy, see Table I and Fig. 5(a) . Again, practically no charge density is detected on the vacancy position, see Fig. 5 (b). Since this defect pair is oriented perpendicular to the spontaneous polarization, it is expected to affect the ferroelectricity to a lesser extent than when oriented along the c-axis. Mn oxygen vacancy complex with the oxygen vacancy on the c-axis is favored in energy.
In particular, the V O in the nearest apical position is favored by 0.10 eV as compared to the equatorial one. Therefore, the probability of finding an oxygen vacancy around the Mn center is highest along the the c-axis. 
